Late Embryogenesis Abundant (LEA) proteins are commonly found in organisms capable 28 of undergoing reversible dehydration -"anhydrobiosis". Here, we have produced three 29 LEA proteins: pTag-RAB17-GFP-N, Zea mays dehydrin-1dhn, expressed in the nucleo-30 cytoplasm; pTag-WCOR410-RFP, Tricum aestivum cold acclimation protein WCOR410, 31 binding to cellular membranes, and pTag-LEA-BFP, Artemia franciscana LEA protein 32 group 3 that targets the mitochondria. Somatic cells transfected with three LEA proteins 33 were subjected to desiccation under controlled conditions, followed by rehydration, 34 viability assessment and membrane/mitochondria functional tests were performed. Results 35 shown that LEA protect cells from desiccation injury. Cells expressed all LEA proteins 36 shown very high percentage of viable cells (58%) after four hour of desiccation compare to 37 un-transfected cells (1% cell alive). Plasmalemma, cytoskeleton and mitochondria 38 appeared unaffected in LEA-expressing cells, confirming their protective action during the 39 entire desiccation and rehydration process. Here, we show that natural xeroprotectants 40 (LEA proteins) transiently expressed in somatic cells confer them desiccation tolerance. 41 42 43 44 45 46 47 48 49 50 51 52
Introduction 53
Water is essential for life (Hand et al., 2007; Menze et al., 2009 ) yet many organisms are 54 able to survive almost completely dehydrated (>99% of their body water is removed) 55 (Crow et al., 1992) . In nature, this phenomenon is known as "anhydrobiosis", and is 56 conserved across vegetal and animal phyla (Hincha et al., 1992) . Anhydrobiosis allows 57 seeds and small invertebrates to survive long time spans (decades/centuries) in the absence 58 of water, thanks to the induced synthesis of sugars and various protein classes that can be 59 collectively defined as "xero-protectants" (Loi et al., 2013) . Among them, Late 60 Embryogenesis Abundant proteins (LEAp) are the best characterized and perhaps the most 61 interesting (Marunde et al., 2013) . LEA proteins were first discovered in cotton seeds more 62 than 30 years ago (Dure et al., 1981) and were later also found in seeds and vegetative 63 tissues of several other plants (Shih et al., 2008) . A relatively recent survey, probably not 64 updated, contains 769 LEAp entries from 196 organisms (Hunault and Jaspard, 2009) . 65 LEA proteins are highly hydrophilic and acquire random coils conformation in aqueous 66 solution, property that has assigned them the definition of "intrinsically disordered" 67 proteins (McCubbin et al., 1985) . It is only during de-hydration that LEA proteins acquire 68 their final conformations, primarily α helices, β sheets, and hairpin loops, and by doing so 69 they bind to specific cellular/enzymatic substrates to be protected. The mechanism of 70 "xero-protection" is not fully understood. Also lacking are data on the substrate binding 71 mechanism. Data gained in model organisms have indicated that LEAp stabilisation occurs 72 via several pathways: chaperon-like activity, protection of cell membranes, stabilisation of 73 vitrified sugar glasses by increasing glass transition temperature (Tg), sequestration of 74 divalent ions, and synergic interaction with other xero-protectants, such as trehalose (Li et 75 al., 2012) . The expression of LEAp, as well as the other xero-protectants, is triggered in 76 anhydrobiotic organisms once water stress is sensed, leading to a progressive accumulation 77 in various cellular compartments, such as mitochondria (Hand et al., 2011; Moore and Hand, 2016) , nucleus (Wu et al., 2013) cytosol (hand et al., 2011), membranes (Tolleter et 79 al., 2010) , and endoplasmic reticulum. Clearly, several LEAp are required, along with 80 other xero-protectants, to confer full protection from water stress. Therefore, if the strategy 81 is to exploit LEAp for the induction of reversible drying in mammalian cells, it is 82 necessary to know their specific targets and the mechanism of action. While the 83 mechanism of action might be inferred from sequence analysis of the LEAp by 84 bioinformatics, in vivo transfection assays of cells with the different LEAp are required to 85 confirm their protective action, but also to exclude negative effects on cell homeostasis. 86
After all, they are mainly vegetal proteins. An index paper published by Li's group was the 87 first to investigate the effects of LEAp expressed in mammalian cells subjected to rapid 88 dehydration (Li et al., 2012) . In that work, hepatoma cell line was stably transfected with a 89 tetracycline (Tet)-inducible expression system coding for two LEAp naturally expressed in 90 embryos of the brine shrimp Artemia franciscana, AfrLEA2 and AfrLEA3m, plus a 91 trehalose transporter 1 (TRET1) (Li et al., 2012) . The results showed that LEAp, one 92 expressed in the cytoplasm, AfrLEA2, and the other AfrLEA3m in the mitochondria, 93 together with trehalose, effectively protected the cells from the desiccation stress. 94
Our work extends Li's findings. In addition to the LEAp AfrLEA3m, that targets the 95 mitochondria, we have transfected primary cultures of fibroblasts with two additional LEA 96 proteins: pTag-RAB17-GFP-N, Zea mays dehydrin-1dhn, expressed in the nucleo-97 cytoplasm; and pTag-WCOR410-RFP, Tricum aestivum cold acclimation protein 98 WCOR410, that binds to the membranes. Our preliminary work on lyophilized, 99 unprotected, somatic cells directly processed for scanning and electron microscopy showed 
Results 105
Subcellular localization of pTag-RAB17-GFP, pTag-WCOR410-RFP, and pTag-106
LEA-BFP 107
Sheep fibroblasts were transiently transfected with pTag-RAB17-GFP, pTag-WCOR410-108 RFP, pTag-LEA-BFP with efficiency as follow: 44%, 26% and 24%, respectively. pTag-109 RAB17-GFP was localised to the cytoplasm and nucleus ( Fig. 1A-C Moreover, to our knowledge for the first time, we were able to express all tree LEA 120 proteins (pTag-WCOR410-RFP ( Fig. 2A) ; pTag-RAB17-GFP ( were air dried at 16°C for up to 4h. Every 60 min, cells viability was assessed on sub-129 samples using trypan blue exclusion. The results showed that 1h of air drying did not affect viability of sheep fibroblasts (Fig. 3A) , with more than 80% of cells expressing any of the 131 LEAp singularly or together and 60% of CTR maintaining viability ( Fig. 3A) . One hour 132 later small negative effect of desiccation on cells viability start to be observed but any 133 statistic differences between LEAs and CTR groups were observed. Drastic differences 134 were observed 1h later (3h after initiation of desiccation). The numbers of viable cells 135 expressing a single LEA protein were significantly higher than control group (RAB-17: 136 16%, WCORB410: 13%, LEA3: 12%, CTR: 2%). By 4h after desiccation begun, only few 137 sheep fibroblast in the CTR were still alive (less than 1 %) while LEA proteins were able 138 to protect the somatic cells, as indicated by their viability (Rab17: 8%, WCOR410: 5%, 139 LEA3: 2.3%) ( Fig. 3A) , with the stronger effect observed when all three LEA proteins 140 were co-transfected together (LEA-MIX). In this group, 40% of LEA-MIX transfected 141 cells were still alive after 3h of air drying, compared to 2% of the CTR group; 23% of MIX 142 cells were viable after 4h of drying while in the control group viability dropped to under 143 1% ( Fig. 3A) . 144
To verify viability every hour, we were forced to remove the cells from the drying 145 chamber, and by doing so we exposed them to uncontrolled variation in both humidity and 146 temperature. This could have affected the late time points. For this reason, we decided to 147 carry on the viability tests at two time points: 1h and 4hs post desiccation. Accordingly, 148 stronger difference in cells viability was observed when cells were not exposed to 149 condition changes. Indeed, after 4h of desiccation, statistically significant difference 150 between cells expressing single as well as all three LEA together (MIX) and the control 151 group were observed (RAB17: 40%, WCOR410: 34%, LEA: 37%, MIX: 58%, CTR: 2%) 152 ( Fig. 3B ). 153
154

LEA proteins preserve proliferation capacity following desiccation
Transfection of a single LEA protein resulted in a higher number of cells attached to 156 culture dishes (pTag-RAB17-GFP: 55 cells/field; pTag-WCOR410-RFP 62 cells/field; 157 pTag-LEA-BFP: 37 cells/field; LEA-MIX: 86 cells/field) than in cells desiccated without 158 LEA, CTR-D (non-transfected and desiccated cells) (25 cells/field), (Fig.4B ). Proliferation 159 rate was 32% with pTag-RAB17-GFP; 31% with pTag-WCOR410-RFP; and 25% with 160 pTag-LEA-BFP ( Fig. 4A ). In the LEA-MIX group, cell proliferation rate was at levels 161 comparable to the non-desiccated controls (CTR) (48% vs 51%, respectively). The natural capacity of simple organisms to survive in a dehydrated state has long been 183 exploited by humankind, with lyophilization as the method of choice for the long-term 184 storage of bacteria and yeast (Fonseca et al., 2015) . Some attempts were subsequently 185 conducted to freeze dry non-nucleated mammalian cells, like platelets and red blood cells, 186 with partial success (Crowe et al., 2003) . It was the report of the maintenance of nuclear 187 viability in lyophilized spermatozoa (Wakayama and Yanagimachi, 1998) Herbert, 1999). Trehalose was produced in cells previously infected with an adenoviral 201 vector expressing the trehalose biosynthetic genes, otsA and otsB, followed by air-drying 202 and storage at room temperature. 203
Here we followed this general strategy, but LEA proteins were used as xero-protectants. 204
Our work builds on a recent paper where desiccation tolerance was induced in hepatoma 205 cell line expressing Tet-inducible expression system coding for two LEA proteins of the 206 brine shrimp Artemia franciscana, AfrLEA2 and AfrLEA3m, and a trehalose transporter 1 207 (TRET1). Of the two LEA proteins, AfrLEA2 accumulated in the cytoplasm, and 208
AfrLEA3m selectively targeted the mitochondria. Here we maintained the latter LEA 209 protein, but we selected two different additional ones. In our previous work on 210 lyophilization and nuclear transfer of lyophilized cells, we found high level of DNA 211 damage in the resulting pronuclei (Iuso et al., 2012) . Therefore, we elected to use pTag-212 RAB17-GFP-N, Zea mays dehydrin-1dhn, that is expressed not only in the cytoplasm as 213
AfrLEA2 does, but also in the nucleoplasm, to protect the DNA as well. The third LEA 214 protein that we utilized was pTag-WCOR410-RFP Tricum aestivum cold acclimation 215 protein WCOR410, that binds specifically to the membranes. This latest LEA proteins was 216 The subcellular localization of all three LEA proteins matched the expectations ( Fig. 1 and  229 2), confirming an earlier report (Li et al., 2012) . No adverse effects on cell viability were 230 observed in the LEAp expressing cells. 231
The LEA proteins exerted protection against water deprivation, with no major differences 232 between them. LEA pTag-RAB17 expression appeared to be more beneficial over the 233 other two, probably owing to its ubiquitous expression in all cell compartments ( Fig. 3 and  234 4), and also because of its higher transfection efficiency compared to the other two [(44% 235 vs 26% (WCOR410-RFP) and 24% (LEA3-BFP)]. Clearly, cells expressing all three LEA 236 proteins showed the best survival rate, particularly in the experiment with only two time 237 point controls (Fig. 3B) . Expression rate of all LEA proteins in the same cells was low 238 (11%) but presence of other LEAp combinations (single LEAp expression, and 239 combinations of two LEAp in the same cell) increased the protective effects in the MIX 240 group. 241
The proliferation assays after the water stress further demonstrated the beneficial effects of 242 LEA proteins, basically in the cell functions explored -mitochondrial function and 243 distribution, and F-actin (cytoskeleton). Again, no major differences between cells 244 expressing individual LEA protein were detected (Fig. 5) , while those expressing the three 245 LEA proteins showed remarkable growth performances, comparable to control, unstressed 246 cells (CTR) (Fig. 4A) . Viability was further supported by the normal number and 247 distribution of the mitochondria in growing cells, as well as the normal organization of 248 polarized F-actin across the cells (Fig. 5 ). In contrary, unprotected cells displayed 249 abnormal mitochondrial distribution ( Fig. 6I ) and disordered F-actin scattering across the 250 cells ( Fig. 5Y ), suggesting that time is needed to recover from desiccation damages. Sheep fibroblasts transfected with pTag-RAB17-GFP, pTag-WCOR410-RFP, pTag-LEA-334 BFP, individually or in combination, were detached with Trypsin-EDTA (0.25%) and 335 pelleted by spinning them for 5 min at 1200 rpm (Eppendorf Centrifuge 5804). Cells were then re-suspended to 10 5 cells/mL in desiccation medium (50 mM Hepes and 500 mM 337 trehalose in PBS) and drops of 10µL were placed on a plastic, cover dish. Cells were then 338 air-dried at 16°C for 1,2 3 and 4h. After desiccation, cells were rehydrated by adding 50 µL 339 of the same desiccation medium and incubated for 5 min at RT. Viability and number of 340 alive cells were evaluated using Trypan Blue staining. Un-transfected cells were used as a 341 control (CTR). Residual water was assessed by weighing first the empty cover dish, then 342 weighing the samples before drying and again after drying. This gave us a value of residual 343 water per dry weight. Desiccation and residual water assessment was done 15 times. 344 345
Cell proliferation assay 346
After desiccation, the fibroblasts were transferred into culture medium (MEM + 10% FBS) 347 and cultured in a humidified atmosphere (5% CO 2 /95% air at 37°C) for 24 h. Cell 
